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Abstract
Liver hypoxia still represents an important cause of liver injury during shock and liver transplantation. We have investigated the protective
effects of h-alanine against hypoxic injury using isolated perfused rat livers and isolated rat hepatocyte suspensions. Perfusion with hypoxic
Krebs–Henseleit buffer increased liver weight and caused a progressive release of lactate dehydrogenase (LDH) in the effluent perfusate. The
addition of 5 mmol/l h-alanine to the perfusion buffer completely prevented both weight increase and LDH leakage. These findings were
confirmed by histological examinations showing that h-alanine blocked the staining by trypan blue of either liver parenchymal and sinusoidal
cells. Studies performed in isolated hepatocytes revealed that h-alanine exerted its protective effects by interfering with Na+ accumulation
induced by hypoxia. The addition of g-amino-butyric acid, which interfered with h-alanine uptake by the hepatocytes or of Na+/H+
ionophore monensin, reverted h-alanine protection in either hepatocyte suspensions or isolated perfused livers. We also observed that liver
receiving h-alanine were also protected against LDH leakage and weight increase caused by the perfusion with an hyposmotic (205 mosm)
hypoxic buffer obtained by decreasing NaCl content from 118 to 60 mmol/l. This latter effect was not reverted by blocking K+ efflux from
hepatocyte with BaCl2 (1mmol/l). Altogether these results indicated that h-alanine protected against hypoxic liver injury by preventing Na
+
overload and by increasing liver resistance to osmotic stress consequent to the impairment of ion homeostasis during hypoxia. D 2002
Elsevier Science B.V. All rights reserved.
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1. Introduction
Liver hypoxia occurring in shock conditions and during
liver transplantation represent an important cause of hepatic
failure [1,2]. Studies in vitro using freshly isolated rat
hepatocytes or hepatocytes in culture have demonstrated that
ATP depletion consequent to the block of oxidative phos-
phorylation in mitochondria is critical in hypoxic liver cell
damage precipitating cytoskeletal alterations, acidification of
the cytosolic, rise of intracellular Ca2+, Mg2+ and Na+ levels
and activation of degradative hydrolases [1–10].
In the recent years, several reports have demonstrated
the protective effects of small neutral amino acids, partic-
ularly of alanine and glycine, against kidney tubular cell
killing during hypoxia or ATP depletion [11–16]. Glycine
and structurally similar amino acids have also been shown to
prevent in cell injury in human umbilical vein endothelial
cells [17] and to greatly reduce hepatocyte death caused by
anoxia, cold ischemia or mitochondrial inhibitors [18,19].
Moreover, glycine addition minimises reperfusion injury in
perfused livers [20] and improves hepatic transplantation in
rats [21,22]. The mechanisms responsible for the cytopro-
tective action of glycine have not been completely eluci-
dated, but some evidence indicates that glycine prevents the
increase of intracellular Ca2+ and Na+ as well as the activ-
ation of non-lysosomal calcium-dependent proteolysis
[16,23,24]. These studies have also suggested the possibility
that the interaction with strychnine-sensitive glycine receptor
might be responsible for glycine-dependent protection
[15,24]. Consistently, we have recently reported that metab-
otropic glutamate receptors are present in hepatocytes and
mediate hepatoprotective actions [25]. In the light of grow-
ing interest on the possible clinical exploitation of the
cytoprotective actions of certain amino acids, in the present
study, we have investigated whether h-alanine, an effective
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agonist of the strychnine-sensitive glycine receptor [26],
might counteract liver injury caused by hypoxia.
2. Materials and methods
Collagenase (Type I), N-(2-hydroxyethyl)-piperazine-NV-
(2-ethanesulfonic acid) (HEPES), h-alanine, monensin, D-
alanine, L-alanine, 1-aminocyclopropane-1-carboxylic acid,
a-amino-h-amino, g-amino-butyric acid, taurine, betaine,
ethanolamine, phenylalanine and were purchased from
Sigma (St. Louis, MO, USA). All the other chemicals were
of analytical grade and were purchased from Merck (Darm-
stadt, Germany). Male Wistar rats (250–300 g) were
obtained from Nossan (Corezzana, Italy). In the experiments
aimed at hepatocyte isolation, the animals were allowed free
access to water and food, while the animals used for liver
perfusion experiments were fasted preliminarily for 18 h
with access to water. The use and care of animals in this
experimental study was approved by the Italian Ministry of
Health and by the University Commission for Animal Care
following the criteria of the Italian National Research
Council.
2.1. Isolate hepatocyte preparation
Isolated rat hepatocytes were prepared by liver perfu-
sion with collagenase as previously described [24]. Cells
were suspended in Krebs–Henseleit–HEPES buffer con-
taining 118 mmol/l NaCl, 4.7 mmol/l KCl, 1.2 mmol/l
KH2PO4, 1.3 mmol/CaCl2, 25 mmol/l NaHCO3, and 20
mmol/l HEPES at pH 7.4 and incubated at 37 jC (final
cell density of 106/ml) in 50 ml glass bottles under
continuous fluxing with 95% O2 and 5% CO2. Experi-
ments under hypoxic conditions were performed using
Krebs–Henseleit–HEPES buffer equilibrated with 95%
N2 2–5% CO2. The effects of h-alanine or structurally
related amino acids were studied in hepatocytes pre-incu-
bated for 15 min with these amino acids before exposure
to hypoxia. Cell viability was estimated by microscope-
counting the hepatocytes excluding trypan blue and by the
determination of nuclear fluorescence staining with propi-
dium iodide according to the method described by Gores
et al. [5].
2.2. Liver perfusion experiments
Rats were anaesthetised with sodium pentobarbital (40
mg/kg i.p.) and received 250 units of heparin via inferior
vena cava prior to liver isolation. The livers were perfused
in a non-recirculating system. Briefly, the bile duct was
cannulated (PE-50), and an intravenous catheter (16-gauge)
was inserted into the portal vein. An identical catheter was
introduced into the thoracic inferior vena cava in order
to collect the effluent. Livers were perfused at a rate of
4 ml/min/g of liver with standard Krebs–Henseleit (KH)
Fig. 1. Time course (panel A) and dose dependence (panel B) of h-alanine
protection against hepatocyte injury by hypoxia. Isolated rat hepatocytes
were incubated in KH medium pH 7.4 in the presence or in the absence of
h-alanine under continuous fluxing of 95% O2–5% CO2 or in sealed flasks
fluxed with 95% N2–5% CO2. Cell viability was assessed by trypan blue
exclusion test and confirmed by nuclear fluorescence staining with
propidium iodide. The symbols represent: control cells incubated under
aerobic conditions in the absence (o) or presence (5) of h-alanine (5
mmol/l); hepatocytes exposed to hypoxia in the absence (.) or presence
(n) of h-alanine. The results in panel B refer to rat hepatocytes suspended
and incubated 90 min at 37 jC in KH medium pH 7.4 under 95% N2–5%
CO2 atmosphere in the presence of increasing concentrations of h-alanine.
The data are means of four to eight different experimentsF S.E. Statistical
significance: *P < 0.05 or **P< 0.001 versus hepatocytes exposed to
hypoxia without h-alanine.
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medium containing 118 mM NaCl, 4.7 mM KCl, 1.2 mM
MgSO4, 1.2 mM KH2PO4, 2.5 mM CaCl2, 25 mM NaHCO3
and 20 mM HEPES (pH 7.4) maintained at 37 jC under a
continuous fluxing of 95% O2 and 5% CO2 mixture. A 20-
min equilibration period, with O2-saturated medium, was
performed before beginning all experiments. Hypoxia was
induced using KH medium equilibrated with 95% N2 and
5% CO2. During the hypoxic perfusion, the amount of
oxygen dissolved in the influent-perfusate was measured
using a Clark-type oxygen electrode and was about 6F 1
Amol/l [27]. In some experiments, a hypotonic KH medium
(205 mosm) obtained by reducing NaCl concentration to 60
mmol/l was used. KH medium supplemented with 1 mmol/l
BaCl2, was prepared by replacing MgCl2 with MgSO4. The
weight of the livers was measured before and after the
perfusion in all different experimental conditions. Liver
viability was evaluated at 10 min intervals by measuring
release of lactate dehydrogenase (LDH) into the effluent
perfusate buffer according to the standard procedure and
expressed in mU/min/g liver weight. At the end of each
experiment, samples were prepared for histology by a 7-min
perfusion with Krebs–Henseleit medium containing 200
Amol/l trypan blue immediately followed by fixation with
bouin for 2 min according to Bradford et al. [28]. The fixed
tissue was embedded in paraplast and processed for light
microscopy. Non-viable cells were identified by trypan blue
nuclear staining in tissue sections stained with eosin [28].
2.3. Measurement of intracellular Na+ content
For the measurement of intracellular Na+ content, iso-
lated hepatocytes were loaded with the fluorescent Na+
probe benzofuran isophthalate acetoxymethyl ester (SBFI-
AM; 10 Amol/l final concentration in DMSO) by 60 min
incubation at 25 jC in KHH buffer containing 2% bovine
serum albumin and 10 mmol/l glucose. After washing, the
cells were re-suspended in fresh Krebs–Henseleit–HEPES
medium. At each time point, 2-ml-aliquots of the cell sus-
pension were taken and centrifuged for 1 min at 800 g.
Cell pellets were re-suspended in fresh medium and the
fluorescence was determined at using Hitaki 4500 spectro-
fluorimeter set at 345 and 385 nm excitation and at 510 nm
emission wavelengths. The ratio of fluorescence values ob-
tained with 345 and 385 nm excitation were calculated after
Fig. 2. Effect of h-alanine analogues on hepatocyte killing by hypoxia.
Isolated rat hepatocytes were suspended in KH medium pH 7.4 and
incubated 90 min at 37 jC in sealed flasks fluxed with 95% N2–5% CO2 in
the presence, respectively, D-alanine (D-ALA), a-amino-isobutyric acid
(AIBA), 1-aminocyclopropane-1-carboxylic acid (ACPCA), a-amino-
butyric acid (AABA) and g-amino-butyric acid (GABA). The concentration
of all amino acids was 5 mmol/l. Control cells were incubated under
continuous fluxing of 95% O2–5% CO2. Cell viability was assessed by
trypan blue exclusion test and confirmed by nuclear fluorescence staining
with propidium iodide. The results are means of three to five different
experimentsF S.E. Statistical significance: *P < 0.001 versus hepatocytes
exposed to hypoxia.
Fig. 3. Different ways of h-alanine administration modulate its cytopro-
tective effects. Isolated rat hepatocytes receiving or not 5 mmol/l h-alanine
were incubated 90 min at 37 jC in KH medium pH 7.4 under 95% N2–5%
CO2 atmosphere. The bars represent: control hepatocytes maintained under
normoxic conditions (open bar); untreated cells exposed to hypoxia (filled
bar); hepatocytes pre-incubated 15 min with h-alanine and subsequently
exposed to hypoxia in the presence of h-alanine (hatched bar) or in a
medium without h-alanine (double hatched bar); cells receiving h-alanine
just before hypoxic treatment (dotted bar); hepatocytes pre-incubated 15
min with h-alanine in a Na+ -free KH-medium (squared bar). Hepatocyte
pre-incubation in Na+ -free buffer did not modify cell viability during
subsequent incubation in either normoxic or hypoxic conditions (not
shown). The results are means of three different experimentsF S.E.
Statistical significance: * P < 0.001 or * * P < 0.05 versus hypoxic
hepatocytes not receiving h-alanine.
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correction for spontaneous SBFI fluorescence. Calibration
of SBFI fluorescence was performed by placing the hep-
atocytes into solutions of known Na+ concentration in the
presence of the Na+ ionophore gramicidin D (2 Amol/l) ac-
cording to Ref. [29].
2.4. Data analysis and statistical calculations
The data were expressed as meansF standard deviation
(S.E.). Statistical analysis was performed by Instat-3 sta-
tistical software (GraphPad Software, San Diego CA, USA)
using one-way ANOVA test with Bonferroni’s correction for
multiple comparisons when more than two groups were
analyzed. Distribution normality of all the groups was
preliminary verified by Kolmogorov and Smirnov test.
Significance was taken at 5% level.
3. Results
The addition of h-alanine to isolated hepatocyte sus-
pensions markedly reduced cell killing caused by the
exposure to hypoxia (Fig. 1). The protective action of h-
alanine was dose-dependent with maximal effect at 5
mmol/l (Fig. 1). This concentration was used for further
experiments. The cytoprotection exerted by h-alanine was
relatively specific, since structurally related amino acids D-
alanine, L-alanine, 1-aminocyclo-propane-1-carboxylic acid
and a-amino-isobutyric acid were also effective, while a-
Fig. 4. Protection given by h-alanine against intracellular Na+ accumulation and effects of g-amino-butyric acid (GABA) and Na+ ionophore monensin. Isolated
rat hepatocytes were suspended in KH medium pH 7.4 and incubated up to 90 min at 37 jC in sealed flasks fluxed with 95% N2–5% CO2 in the presence or in
the absence of 5 mmol/l h-alanine and of either 5 mmol/l GABA or 10 Amol/l monensin. Control cells were incubated under continuous fluxing of 95% O2–5%
CO2. Cell viability was assessed by trypan blue exclusion test and confirmed by nuclear fluorescence staining with propidium iodide. Intracellular Na
+ content
was estimated by the fluorescent Na+ probe benzofuran isophthalate acetoxymethyl ester (SBFI-AM). The symbols represent: control cells incubated under
aerobic conditions (o); hepatocytes exposed to hypoxia in the absence (.) or presence (E) of h-alanine; hypoxic hepatocytes supplemented with h-alanine and
receiving GABA (n) or monensin (y). The results are means of three to five different experimentsF S.E. Statistical significance: *P< 0.05 or * *P < 0.001
versus hypoxic hepatocytes or h-alanine-supplemented cells exposed to hypoxia in the presence of GABA or monensin.
Fig. 5. Protection given by h-alanine against LDH leakage caused by
hypoxia in isolated perfused livers and effect of g-amino-butyric acid
(GABA) and Na+ ionophore monensin. The symbols refer to: control livers
perfused with standard KH medium equilibrated with 95% O2 and 5% CO2
(o); livers perfused with KHmedium equilibrated with 95%N2 and 5% CO2
(.); livers exposed to hypoxia in the presence of 5 mmol/l h-alanine (E);
livers exposed to hypoxia in the presence of h-alanine plus 5 mmol/l GABA
(n) or 10 Amol/l monensin (5). The LDH activity in the effluent perfusate
was determined at 10 min intervals. The results are means of four to six
different experimentsF S.E. Statistical significance: *P < 0.001 versus
hypoxia with standard medium or hypoxia with h-alanine-supplemented
medium in the presence of GABA or monensin.
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amino- or g-amino-butyric acid were not (Fig. 2). Sim-
ilarly, taurine, betaine, ethanolamine, phenylalanine and
glutamine (5 mmol/l) were also ineffective (not shown).
Optimal cytoprotection by h-alanine was obtained when
the hepatocytes were pre-incubated with the amino acid 15
min before the hypoxic treatment and appreciably de-
creased when h-alanine was added immediately before
hypoxia (Fig. 3). Removing h-alanine by changing the
incubation medium after 15 min of pre-incubation did not
affect the protective action (Fig. 3). However, h-alanine
cytoprotection was lost when hepatocytes were pre-incu-
bated with the amino acid in a Na+ -free medium, in order
to block Na+ -dependent h-alanine uptake (Fig. 3) Similarly,
the addition of 5 mmol/l of g-amino-butyric acid (GABA),
which has been demonstrated to interfere with h-alanine
uptake by the hepatocytes [30] significantly reduced the
cytoprotection (Fig. 4).
3.1. Cytoprotection by h-alanine in isolated perfused livers
The prevention exerted by h-alanine against hepatic
hypoxic damage was further investigated in isolated perfused
livers. Fig. 5 shows that perfusion of isolated livers with
hypoxic KH medium caused a leakage of LDH that began
after 30 min and reached 3807F 417 mU/min/g after 70 min
of perfusion. The addition of 5 mmol/l h-alanine to the
perfusion buffer completely prevented LDH leakage (Fig. 5).
These findings were confirmed by morphological analysis
showing that after 70-min of hypoxic perfusion in the
presence of h-alanine, no appreciable trypan blue staining
was evident in either hepatocytes or sinusoidal cells (Fig. 6).
3.2. Role of Na+ homeostasis in the cytoprotection by b-
alanine
Isolated hepatocytes incubated under hypoxic conditions
underwent a progressive increase of cytosolic Na+ content
which was already evident after 15 min of hypoxic incuba-
tion and before appreciable loss of cell integrity (Fig. 4).
Hepatocyte pre-treatment with h-alanine greatly ameliorated
intracellular Na+ accumulation (Fig. 4). The action of h-
alanine was abolished in the presence of GABA (5 mmol/l)
as well as by the addition of Na+ /H+ ionophore monensin
(10 Amol/l) (Fig. 4). The addition of monensin also com-
pletely reverted h-alanine protection against hypoxic cell
injury (Fig. 4). However, monensin did not affect cell
Fig. 6. Protection by h-alanine against trypan blue staining in isolated perfused rat livers exposed to hypoxia. Rat liver were perfused for 70 min with,
respectively, oxygenated KH medium (panel a), with hypoxic KH medium (panel b) or with hypoxic KH medium supplemented with h-alanine (5 mmol/l)
(panel c). At the end of each experiment, livers were then perfused for 7 min with KH medium containing 200 AM trypan blue immediately followed by 2 min
fixation with bouin. The liver specimens were stained with eosin. Magnification 20.
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viability in control hepatocytes incubated under normoxic
conditions (not shown).
Na+ overload is associated with an increase of cellular
water content and with hepatocyte swelling [4]. The
measurement of liver weight before and after perfusion
revealed an increase in the weight of the livers exposed to
hypoxia (Table 1). The addition of h-alanine to the influent
perfusate significantly ameliorated such an increase (Table
1). GABA interference with hepatocyte uptake of h-ala-
nine significantly reduced the protection against LDH
leakage in perfused livers (Fig. 5). Similarly, the addition
of monensin (10 Amol/l) to the perfusion medium also
reverted the protection exerted by h-alanine on LDH
release and on the increase of liver weight (Fig. 5 and
Table 1).
3.3. Protection by b-alanine against osmotic injury
We have recently reported that the impairment of the
mechanisms controlling hepatocyte volume in response to
Na+ overload plays a critical role in the development of
irreversible cell injury during metabolic inhibition [31].
Furthermore, alanine has been shown to stimulate the
recovery of hepatocyte volume in response to the amino
acid uptake [32]. Thus, further experiments were performed
to verify whether h-alanine might modulate liver resistance
to osmotic unbalances. For this purpose, osmotic stress was
induced by perfusing the livers with an hyposmotic KH
medium (205 mosm) obtained by reducing NaCl concen-
tration from 118 to 60 mmol/l. Fig. 7 shows that liver
perfusion for over 50 min with oxygenated hypotonic
medium had no effect on LDH release (32F 9 mU/min/
g). However, an appreciable LDH leakage was evident
when the livers were perfused with a de-oxygenated hypo-
tonic medium (Fig. 7, Panel A). The addition of h-alanine to
the influent perfusate greatly ameliorated LDH leakage (Fig.
7, Panel A). Inhibiting hepatic regulatory volume decrease
by blocking cellular K+ efflux with BaCl2 did not revert the
effect of h-alanine, although BaCl2 addition worsened liver
injury caused by the hypoxic hypotonic medium (Fig. 7,
Panel B). Consistently, h-alanine blocked the increase in the
weight of livers perfused with hypoxic hypotonic KH buffer
containing BaCl2 (55F 9% versus 10F 4%, respectively).
4. Discussion
Several studies have shown that small neutral amino
acids such as glycine and alanine display cytoprotective
action in kidney proximal tubular cells and in endothelial
cells [13–17]. The administration of glycine also reduces
hypoxic injury of isolated hepatocytes [18,19,23,24,33],
Table 1
Protection by h-alanine against liver weight increase during perfusion with
a hypoxic medium
Liver weight
Before
perfusion
After
perfusion
Difference
Normoxia 8.23F 0.28 8.40F 0.28 0.20F 0.04
Hypoxia 7.86F 0.27 9.02F 0.17 1.18F 0.07
Hypoxia +h-alanine
(5 mmol/l)
8.22F 0.15 8.98F 0.17 0.75F 0.17*
Hypoxia +h-alanine +
monensin (10 Amol/l)
7.88F 0.07 9.13F 0.08 1.28F 0.04
The values are mean of five different experimentsF S.E.
* P < 0.05 versus liver exposed to hypoxia in the presence or in the
absence of monensin.
Fig. 7. Prevention by h-alanine against hepasic injury caused by liver
perfusion with a hypotonic medium and effect of the inhibition of K+ efflux
by BaCl2. The symbols in Panel A refer to: livers perfused with a hypotonic
KH medium (205 mosm) equilibrated with 95% O2 and 5% CO2 (o); livers
perfused with a hypotonic KH medium (205 mosm) equilibrated with 95%
N2 and 5% CO2, in the absence (.) or in the presence of 5 mmol/l
h-alanine (E). The symbols in Panel B refer to: livers perfused with a
normoxic hypotonic KH medium supplemented with 1 mmol/l BaCl2 (5);
livers perfused with a hypoxic hypotonic KH medium plus BaCl2, in the
absence (n) or in the presence of 5 mmol/l h-alanine (y). The LDH activity
in the effluent perfusate was determined at 10 min intervals. The results are
means of four to six different experimentsF S.E. Statistical significance:
*P< 0.001 versus hypoxic perfusion of isolated livers without h-alanine.
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minimises reperfusion injury of perfused rat livers [21] and
improves rat survival after transplantation [22]. In a similar
way, alanine protects rat liver and isolated hepatocytes from
hypoxic damage [33], as well as from D-galactosamine and
carbon tetrachloride toxicity [34].
We now report that h-alanine also efficiently prevents
hepatocellular injury by hypoxia in either isolated hepato-
cytes or isolated perfused livers. The cytoprotective action
of h-alanine is dose-dependent, being maximal at about 5
mmol/l concentration. Structurally related amino acids such
as L- or D-alanine, 1-aminocyclopropane-1-carboxylic acid
and a-amino-isobutyric acid have similar effects, whereas
a- and g-aminobutyric acid, glutamate, arginine, taurine
and betaine are ineffective. The fact that g-aminobutyric
acid, which differs from h-alanine for the presence of one
extra methyl group, is inactive suggests a specific confor-
mational requirement for the development of cytoprotective
action[35].
Little is known about the mechanisms involved in the
prevention of cellular injury by small neutral amino acids.
Early studies have shown that amino acid metabolism is not
involved and that the supplementation with either glycine or
alanine does not ameliorate ATP decline in hypoxic cells
[14]. More recently, Wettstein and Ha¨ussinger [36] have
reported that betaine and taurine reduce ischemia-reoxyge-
nation damage of perfused rat livers by interfering with the
release of prostanoids and TNF-a by activated Kupffer cells.
The supplementation with glycine has also been shown to
interfere with TNF-a production by Kupffer cells exposed to
bacterial lipopolysaccarides [37]. Although at this stage, it
cannot be excluded that h-alanine might modulate Kupffer
cell activation, the protection observed in isolated hepato-
cyte suspensions suggests a direct effect on liver paren-
chyma. We have previously observed that during hypoxia,
the block of ATP-dependent Na+ extrusion by the Na+ /K+
ATPase in combination with the stimulation of Na+ influx
through Na+ -dependent acid buffering systems results in an
increase in the intracellular Na+ content [38]. In isolated
hepatocytes exposed to mitochondrial inhibitors, hypoxia or
oxidative stress intracellular Na+ accumulation precedes cell
death [9,38].
The protection exerted by h-alanine against hepatocyte
killing by hypoxia is associated with the prevention of
cytosolic Na+ accumulation. In a similar way, glycine and
alanine have been shown to ameliorate Na+ overload and
cell viability in hepatocytes exposed to metabolic inhibition,
hypoxia or during reoxygenation after cold preservation
[24,33,39]. Since strychnine has a similar effect, we have
proposed that glycine might reduce intracellular Na+ accu-
mulation by interfering with the concomitant influx of Cl
through Cl channels associated with the strychnine-sensi-
tive glycine receptor [24]. In the central nervous system,
glycine and h-alanine are almost as effective in interacting
with the strychnine-sensitive glycine receptors [26,40].
Recently, Liu et al. [30] have reported that g-aminobutyric
acid (GABA) interferes with hepatocyte h-alanine uptake by
competing at the level of Na+ -dependent GAT-2 transporter.
Experiments performed in both isolated hepatocytes or
perfused livers shows that the presence of GABA antago-
nizes the hepatoprotective action of h-alanine. Similarly,
omitting Na+ in the medium used for hepatocyte pre-incu-
bation with h-alanine also blocks the protection against
hypoxic damage. Thus, despite the presence of glycine
receptors being postulated in the liver [37], h-alanine uptake
by the hepatocytes, rather than its interaction with mem-
brane receptors, seems to be required for the cytoprotective
action.
We have previously reported that osmotic alterations due
to intracellular Na+ accumulation play an important role in
the development of irreversible hepatocyte injury conse-
quent to hypoxia or metabolic inhibition [9,31]. In these
conditions, the leakage of intracellular K+ is evident and
likely represents a compensation for the osmotic load due to
Na+ influx [9,31]. However, upon continuous intracellular
Na+ accumulation, the failure of K+ -dependent mechanisms
to maintain the cell volume, precipitates an uncontrolled
swelling that is associated with the collapse of plasma
membrane integrity [31].
The data presented shows that, beside preserving intra-
cellular Na+ homeostasis, h-alanine is also very effective in
preventing liver weight increase and hepatocellular damage
consequent to osmotic unbalances caused by liver perfusion
with a hypotonic hypoxic buffer. Lidofsky and Roman [32]
have reported that alanine stimulates the recovery of he-
patocyte volume in response to the amino acid uptake by
activating volume-sensitive K+ and Cl conductance. The
possibility that h-alanine might promote similar compensa-
tory mechanisms is denied by the observation that the
inhibition of K+ efflux with BaCl2, a rather specific K
+
channel blocker [41], does not counteract h-alanine effects.
However, since h-alanine prevents the increase in the weight
of livers exposed to a hypotonic hypoxic medium, it cannot
be excluded that h-alanine might interfere with liver water
transport. The mechanisms involved in water transport
across hepatocyte plasma membrane as still not well char-
acterized. According to Yano et al. [42] water diffusion via
plasma membrane lipid bilayer might account for water
movement in response to osmotic variations. Nonetheless,
recent results have suggested that aquaporin water channels
play a major role in mediating water transport in the gastro-
intestinal tract [43]. In particular, a newly characterized
channel, aquaporin 9 (AQP9), with a broad selectivity for
water and non-charged solutes, has been proposed to account
for liver cell osmotic regulation and rapid solute exchange
[44,45]. Thus, it is possible that h-alanine and other neutral
amino acids might regulate volume changes in hepatocytes
by modulating the activity of aquaporins or of other broadly
selective membrane channels. This hypothesis is consistent
with a recent report by Nishimura and Lemasters showing
that glycine prevents cyanate toxicity in cultured hepatic
endothelial cells by modulating a postulated glycine-sensi-
tive organic anion channel [46].
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In conclusion, the results presented demonstrate that h-
alanine protects against hypoxic liver injury by preventing
Na+ overload as well as by increasing liver resistance to
osmotic stress consequent to the impairment of ion homeo-
stasis during hypoxia. The capacity of h-alanine to improve
liver cell resistance to osmotic stress represents a new and
potentially important mechanism by which h-alanine enhan-
ces cell resistance to hypoxic injury.
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